Abstract: Thermal conductivity matric suction sensors have enabled continuous and long-term measurement of matric suction and temperature, even in remote locations. Long-term temperature and matric suction readings were obtained from below two thin-membrane-system sites in Torquay and Bethune, Saskatchewan. The method used to install the sensors and the data acquisition system is presented. An understanding of the subgrade soil suction and temperature changes throughout the year was obtained from the data. The change in matric suction and temperature with depth and distance was also determined. Observation of the amplitude and frequency of the fluctuations in the temperature readings provided a better understanding of the changing trends. Environmental effects, such as hysteresis associated with drying and wetting of the sensors and the effect of the ambient temperature on the sensors, were found to influence the matric suction readings. Several correction factors have been proposed to eliminate the influence of the ambient temperature, and the correction methods are compared.
Introduction
The development of thermal conductivity sensors to obtain long-term reliable matric suction measurements increases our ability to understand the behavior of unsaturated soils by bridging the gap between theory and practical application on site. In September 2000, two test installations were set up in Saskatchewan, one located south of Torquay and the other north of Bethune. Sixteen thermal conductivity sensors were installed beneath existing thin-membranesystem (TMS) roads at each site. A TMS consists of compacted native soil, forming the subgrade material, and an overlying thin layer of asphalt to provide a dust-free driving surface.
In situ soil suction has been measured at several sites in western Canada using thermal conductivity suction sensors. In a study by van der Raadt (1988) , matric suctions in five railway subgrades in western Canada were monitored and compared with those determined by other suction measurement methods. Loi et al. (1992) presented matric suction readings from an indoor test track facility under a controlled environment. Ongoing research has shown that long-term, stable, and reliable matric suction readings in highway subgrades can be obtained by using thermal conductivity sensors.
In the early 1990s, a trench method was used to install 18 thermal conductivity sensors along a section of railway embankment in the Emerson Subdivision trackage, Winnipeg, Manitoba ). The sensors were inclined upward to prevent water from running along the lead wires and collecting at the sensor tip, and care was taken to ensure good contact between the sensors and the soil. Each sensor consisted of a porous ceramic block encasing a temperature sensing element and a miniature heater. The thermal conductivity of the ceramic block is dependent on the water content of the block. In turn, the water content in the ceramic varies with the matric suction applied to the block by the surrounding soil. This relationship enables the thermal conductivity of the porous block to be calibrated with respect to the applied matric suction (Fredlund 1992) . The matric suction readings were taken over a period of more than a year, and all the readings showed reasonable values in accordance with the amount and period of precipitation.
In more recent years, the performance of the thermal conductivity sensors has been steadily improved by using a new ceramic tip with higher porosity, a wide range of pore sizes, and greater strength (Shuai and Fredlund 2000) . Improvements have also been made in the electronic design. Using an integrated circuit to measure temperature changes inside the ceramic allows both the soil temperature and the soil suction to be measured. Matric suction readings from the new sensors were taken on a test cover site in Key Lake, Saskatchewan, and the results showed a close correlation with precipitation data (Shuai and Fredlund 2000) .
This study focuses on TMSs on secondary roads. The TMS consists of compacted native soil for the subgrade and a thin layer of asphalt about 40-50 mm thick for the wearing surface. These secondary roads were originally designed for a low volume of traffic. However, because of rail line abandonment, these roads are now being used by trucks hauling grain over longer distances. As spring occurs, the thawing in the ground increases the pore-water pressures and decreases the soil suction in the subgrade. As a consequence, the bearing capacity of these secondary roads is substantially reduced. To protect the TMS road system, the Saskatchewan Department of Highways and Transportation restricts loaded trucks to hauling three-quarters of their maximum load for the period when frost is coming out of the soil. Inaccurate and inconsistent predictions of weather conditions sometimes cause these road restrictions to be ineffective. This paper places primary emphasis on the temperature results obtained from the thermal conductivity matric suction sensors. The soil temperature results are analyzed in detail, and the trends exhibited by some of the suction results are discussed. In general, this study provides an analysis of temperature and matric suction data from two TMS sites and uses the readings to get a better understanding of the behavior of the subgrade.
Installation of sensors
The two sites selected for the installation of the thermal conductivity sensors were TMSs. The first site was located on Highway 345, approximately 3.5 km north of Bethune, and the second site was located on Highway 350, approximately 8.6 km south of Torquay. One factor that played a role in the location of each test site was the influence of direct sunlight. The sensors were installed at locations where the temperatures would show the highest variation. This involved placing sensors on a north-south roadway, on the downhill grade facing south, and on the west side of the southbound lane. By so doing, the influence of direct sunlight would be maximized to ensure that the subgrade soil would begin its spring thaw earlier than other portions of the highway.
The sensors were installed 5 m north of an existing thermistor installation at the sites; this was far enough away to prevent any damage to the thermistor installation yet close enough that the site conditions could be considered similar for both installations. The thermistors also provided ambient (surface) temperature readings. The surface temperature readings allowed for a comparison with the soil temperature.
Sixteen sensors were installed at each site; the spatial distribution of the sensors is shown in Fig. 1 . Sensors were placed and labeled on a vertical grid from the centreline of the highway to the sideslope. The majority of the sensors were placed under the inner and outer wheel path of the highway that had the highest traffic activity. Grid 1, with five sensors, and grid 2, with four sensors, were located in the inner and outer wheel paths, respectively; grids 3 and 4, each with three sensors, were located on the shoulder; and grid 5, with only one sensor, was on the sideslope.
The diameter of the auger used to install the sensors must ensure proper soil-to-sensor contact over the circumference and tip of the sensor. The tip of the soil auger was removed to ensure that the end of the sensor hole was flat. A wooden tamping dowel was used for the backfilling and compacting behind the installed sensor. A sensor insertion tool was made specifically for the size of the sensor that was installed. The tip of the insertion tool was notched so that a sensor cable would fit snugly into the notch, and the tip was the same diameter as the sensor. This allowed even pressure to be exerted on the sensor during the insertion procedure, to prevent damage to the sensor.
A 32 mm diameter auger was used to drill a pilot hole within 100 mm of the required sensor depth. The remainder of the sensor hole (approximately 100 mm) was drilled by an augur with a 29 mm diameter, the same diameter as the sensor, to provide good soil to sensor contact for the entire circumference of the sensor. The procedure was repeated to clean out any debris remaining in the sensor hole prior to the insertion of the sensor. Once the sensor was inserted, it was checked to verify that it had not been damaged during the insertion process. A reading was taken on the sensor and compared with the sensor calibration curve. Immediately after insertion, the sensor would not have had time to gain any significant amount of water; therefore, the reading obtained should be similar to that for a dry sensor during calibration. Once the sensor installation was completed, the hole was backfilled with 150 mm of native soil, and the remainder of the sensor hole was backfilled with a low-expanding foam.
Theoretical consideration of factors influencing suction readings from thermal conductivity sensors
The relationship between the matric suction in the soil and the measured thermal conductivity of the sensors provides an indirect method of measuring soil suction. Matric suction readings from the sensors are subjected to environmental influences, including temperature change and wetting-drying cycles . The thermal conductivity sensors used in this study were initially calibrated in the laboratory at a constant temperature of 23°C. Daily and seasonal temperature fluctuations in the field influence the thermal conductivity of water and subsequently change the relevance of the adopted calibration for the sensors. The relationship between the water content of the porous block and the suction in the surrounding soil is not reversible, because of capillary hysteresis (Feng 1999 ). Capillary hysteresis results in different readings for matric suction being recorded, depending on whether the sensor is wetting or drying.
Correction for hysteresis
In desorption and absorption laboratory tests on the sensors, Feng et al. (2002) studied the hysteresis property of the relationship between the output voltage from the thermal conductivity suction sensors and the applied matric suction. The various branches of the drying and wetting curves seen in Fig. 2 are the main wetting curve, the main drying curve, the primary drying scanning curve, and the primary wetting scanning curve. The main wetting curve was measured by incrementally reducing the applied suction from residual saturation to near-zero suction, and the main drying curve was obtained by drying the sensor at the end of the main wetting process to residual water content. Both the main wetting and drying curves are referred to as the main hysteresis loop.
The primary drying scanning curve was obtained by increasing the suction incrementally from an arbitrary point along the main wetting curve to residual saturation. Figure 2 shows how the primary drying scanning curve was formed at a suction of 2 kPa when the sensor shifted from undergoing wetting to drying. The shape of the primary drying scanning curve (i.e., concave toward the main drying curve) shows that the sensor is undergoing a change from wetting to drying. The primary wetting scanning curve was measured by decreasing the suction incrementally from an arbitrary point along the main drying curve to near-zero suction. The primary wetting scanning curve in Fig. 2 indicates that at a suction of 200 kPa, the sensor, which was initially undergoing drying along the main drying curve, reverts to wetting on the main wetting curve. The shift from drying to wetting can be seen in the shape of the primary wetting scanning curve, which is concave with respect to the main drying curve.
Results obtained from the laboratory tests indicate that the hysteresis curves for the sensors were consistent with one another. From these findings, Feng and Fredlund (2003) proposed eqs.
[1]-[3] for predicting the main hysteresis loop and the primary scanning curves for the same type of sensors based on the calibration data and the hysteresis characteristics. The following equation was proposed to fit to the main wetting and drying curves within the suction range of 0-1000 kPa
where ψ is the computed matric suction (kPa), ∆V is the measured rise in the temperature sensor output (mV), and a, b, c, and d are the fitting parameters related to the main hysteresis loop. Equations [2] and [3] are used to fit the primary scanning curves
where V d (ψ,ψ 1 ) is the output voltage at suction ψ on the drying scanning curve that starts at suction value ψ 1 (i.e., ψ 1 is the soil suction at which the scanning curve starts), V w and V d are the output voltages at suction ψ on the main wetting and drying curves, respectively, and α is an empirical parameter controlling the degree of curvature of the scanning curves. Using a best-fit method for Beta-97 thermal conductivity sensors, Feng and Fredlund (2003) proposed an α value of 1.8. Equations [2] and [3] express the output voltage as a function of suction. These two equations can be arranged to obtain the soil suction in the field as a function of the output voltage from the thermal conductivity sensor. This modification is required to convert the voltage output obtained from the sensors to an appropriate matric suction value based on the laboratory calibration curve. Equations [4] and [5] show the matric suction written in terms of the output voltage
is the soil suction at output voltage V on the drying scanning curve that starts at voltage V 1 (i.e., V 1 is the output voltage at which the scanning curve starts), and ψ w and ψ d are the soil suctions at output voltage V on the main wetting and drying curves, respectively. In this study, eqs.
[1], [4], and [5] were used with α′ = 103. Values recommended for α′ are based on the investigation of hysteresis properties of the thermal conductivity sensors developed at the University of Saskatchewan (Feng and Fredlund 2003) .
Other types of thermal conductivity sensors might require different values of α′.
Correction for ambient temperature
The influence of ambient temperature on the thermal conductivity of water affects the matric suction measurements of the thermal conductivity sensors. Shuai et al. (2002) took into account the effect of the thermal properties of water and developed the following correction for the ambient temperature
where T(t,T 0 ) is the rise in sensor core temperature that was measured at the ambient temperature during calibration (T 0 ) at time t, and T(t,T 1 ) is the field-measured sensor core temperature rise at ambient temperature (T 1 ) at time t. The value of T(t,T 0 ) is obtained from the field reading T(t,T 1 ) and eq. [6] . The value for matric suction is obtained from the computed value of T(t,T 0 ) and the laboratory calibration curve. Nichol et al. (2003) suggested that the thermal conductivity of the sensor should account for the thermal conductivity of the dry ceramic, the sensor water content, and the interconnectedness of the water phase. Nichol et al. (2003) derived an approximate correction factor by using the estimates of thermal conductivity as a function of suction, λ ψ ( ), derived in Shuai et al. (1998) and the λ ψ ( ) equation from Reece (1996) to estimate the fractional contribution to the total thermal conductivity from the water phase. The estimated correction factors shown in Fig. 3 can be used to convert the field-measured sensor core temperature rise to the measured sensor core temperature rise during calibration. The temperature rise correction factor is multiplied by the recorded temperature rise reading.
The ambient temperature correction method proposed by Nichol et al. (2003) takes into account the effect of matric suction on the temperature rise correction factor (Fig. 3) . The equation proposed by Shuai et al. (2002) considers the deviation in temperature from the calibration temperature and does not take into account the amount of water in the sensor. Thus, the ambient temperature correction proposed Can. Geotech. J. Vol. 44, 2007 by Shuai et al. (2002) is a constant value for all matric suctions.
Results and discussion
Soil temperature and suction readings were taken every day with the thermal conductivity sensors at an interval of 4 h (with the exception of the winter months, when readings were taken every 12 h). Readings from the site at Torquay were taken for a period of about 3. Initial soil suction readings taken immediately after the installation of the sensors do not reflect the condition of the soil. Since the sensors were installed dry, a period of about 10 days was needed to allow the sensors to achieve equilibrium with the suction of the soil in the field. Figure 4 shows temperature readings taken from sensors beneath the wheel paths at Torquay. The sensors located nearest the surface of the road (i.e., sensor 1-1 for the inner wheel path and sensor 2-6 for the outer wheel path) exhibited greater sensitivity to the change in ambient temperature than sensors located at greater depths. The sensors farthest away from the surface of the road (i.e., sensors 1-5 and 2-9) had the least number of fluctuations and the smallest fluctuation magnitudes, showing a decreased sensitivity to changes in surface temperature with depth. The delayed response of the sensors to changes in the surface temperature with increasing depth from the surface of the road also shifts the temperature response versus time graphs to the right. The same delayed response results in an overall smoother curve, with decreased amplitudes, for sensors located at greater depths.
Comparison of temperature readings taken along vertical grids
The presence or lack of frost penetration is also related to the depth of the sensors. Sensors at shallower depths experience frost penetration earlier than sensors at deeper depths. General trends in temperature readings observed with increasing depth are consistent with the readings taken from all the vertical grids in Torquay and Bethune.
The thermal conductivity of ice is four times higher than the thermal conductivity of water (de Vries 1963). Temperatures below 0°C could not be obtained because the unknown fraction of ice and unfrozen water content made readings from the sensors difficult to interpret. Once the ground thawed, readings resumed as normal. Figure 5 shows the difference between the time when frost enters the soil and the time when it leaves compared with readings taken 0.3 m from the surface of the road. The delay in frost entering the ground appears to increase in proportion to increasing depth. The time when frost leaves the ground indicates a shorter delay than when the ground freezes. The increase in delay reaches a point where an increase in depth does not substantially effect the time when frost leaves the ground. This occurrence balances out the shifting in the temperature curves to the right, as seen in Fig. 4 . The shorter difference in time when thawing occurs and the longer difference in time when freezing is initiated show that the soil remains frozen for a shorter period at greater depths. The shapes of the curves for when frost enters and leaves the soil appear to be the same for both vertical grids in subsequent years. This pattern shows repeatability in the response of the soil to temperature changes. Figure 6 shows temperature readings versus time for sensors located approximately on the same horizontal plane at Torquay. Since all the sensors are located at approximately the same depths, there is no delay in the temperature response of the sensors to the change in the surface temperature. The lack of delay in the response of the sensors also explains the equal number and magnitude of fluctuations exhibited by each of the sensors. However, there is a decrease in amplitude of the overall temperature curve with increasing distance from the centreline of the road. The results show that the horizontal location of the sensors somewhat affects the minimum and maximum temperatures experienced by the sensors. The period of freezing exhibited by the sensors along the sideslope is shorter than that exhibited by the other sensors along the same horizontal plane. The presence of snow cover along the sideslope of the road appears to have impeded frost penetration and could have been a contributing factor (Tan et al. 2003) .
Comparison of temperature readings taken along the same horizontal plane

Comparisons of temperature and soil suction readings taken at depths of 0.3 and 2.2 m
A comparison can be made between the temperature and suction data obtained nearest the surface of the road (0.3 m) and farthest from the surface of the road (2.2 m) at both Torquay and Bethune (Figs. 7 and 8 ). Temperature and soil suction readings from the sensor located closest to the road surface (sensor 1-1 at Torquay and sensor 2-6 at Bethune) exhibited a relatively large number and magnitude of fluctuations compared with the readings from sensors located at the deeper depth of 2.2 m (sensor 1-5 at Torquay and sensor 2-9 at Bethune). This shows that both temperature and suction data are influenced by the daily fluctuations in surface temperature. The increase in depth to 2.2 m from 0.3 m minimized the effect of the change in surface temperature.
Comparisons of suction readings show an overall smoother curve for readings taken at greater depth. Suction readings taken from a depth of 2.2 m suggest that moisture moves in the soil when the soil temperature changes. When the temperature readings approached zero at 2.2 m, the suction readings increased to a maximum value. As the temperature increased, the suction values then proceeded to drop, reaching a minimum value at the maximum temperature. The significance of this is the lag in temperature at different depths: temperatures are usually increasing at shallow depths as they decrease at deeper depths (and vice versa). Therefore, this creates a seasonally reversing suction gradient that corresponds to moisture flow reversal.
Moisture redistribution occurs during freezing and thawing of the soil. As freezing occurs at the ground surface, there is moisture movement from the lower soils to the freezing front. The movement of moisture causes an increase of suction at greater depths. When water in the soil starts to freeze, water converts into ice and increases the suction in the soil. During the thawing process excess pore water is drained from the upper soils to the lower soils; a large decrease in suction is then observed in the lower soils. The presence of meltwater from the ice results in an increase of pore-water pressure in the soil and thus a decrease in the suction in the soil.
The presence of a thermal gradient is a driving force for moisture movement in the soil. At a constant temperature, an increase in suction corresponds to a decrease of water content or the flow of moisture away. However, as it is observed in the results presented, a decrease in temperature would cause an increase in suction and thus induce moisture flow toward the point in question. Since the hydraulic gradient also affects heat transfer, it would then result in the dependence of temperature on suction and vice versa (i.e., a coupled mechanism).
Comparisons of temperature and soil suction readings taken 1 m from centreline of road and 8 m from centreline of road along the same horizontal plane Figure 9 shows the temperature and soil suction readings obtained from sensors 1-3 and 5-16 at Torquay. Sensors 1-3 and 5-16 are located along the same horizontal plane. Sensor 1-3 is located nearest the centreline of the road, at a distance of 1 m, whereas sensor 5-16 is located farthest from the centreline of the road, at 8 m.
The overall temperature readings from sensor 1-3 show higher amplitudes than the readings from sensor 5-16. The presence of vehicular traffic above sensor 1-3 and the presence of snow cover, impeding frost penetration on the sideslope above sensor 5-16, could be contributing factors. The number and magnitude of the fluctuations in temperature readings remain the same for both sensors.
The recorded soil suction readings appear to be normal. The overall suction readings obtained farthest away from the centreline of the road are higher than those obtained nearest the centreline. This could be due to the lack of freezing observed at the sensor located on the sideslope. The presence of snow cover along the sideslope could have contributed to the impediment of frost penetration. Even though both sensors were approximately at the same depth, the lack of freezing on the sideslope influenced the suction readings.
The observation of fluctuations in suction readings when the soil was frozen can be ignored. The presence of unfrozen water within the frozen soil results in suction readings that are difficult to interpret because of the unknown ratio of unfrozen to frozen water within the soil.
Comparison of correction methods proposed to account for factors influencing soil suction readings
To investigate the effect of environmental changes on the readings obtained by the thermal conductivity sensors, a comparison is made between suction readings obtained from the main drying and wetting curves, suction readings when hysteresis is taken into account, and soil temperature. The data analyzed in this study are from sensor 1-1, located at a depth of 0.3 m beneath the inner wheel path of the road along grid 1 in Torquay. The study focuses on a period of 100 days between 3 April 2001, when the sensor first thaws, and 12 July 2001, the middle of summer. The soil temperature during this period ranged from 0 to 34°C.
Without making any temperature corrections, Fig. 10 shows a comparison between soil temperature, suction val- ues from the main drying and wetting curves, and suction values obtained after taking hysteresis into consideration. The difference in suction readings obtained when hysteresis is not taken into account ranges from 32% to 36%. Suction readings obtained using corrections for hysteresis show a large number of fluctuations with large magnitudes. Any relationship between the soil temperature and soil suction when hysteresis is taken into account is not clearly visible in this case.
Using the temperature correction method proposed by Nichol et al. (2003) , Fig. 11 makes the same comparison between soil temperature and soil suction with and without considering hysteresis. The difference in the range of suction values when hysteresis is not accounted for is slightly lower, at 33%-35%. The number of fluctuations in the suction values observed when hysteresis is considered appears to be lower with lower magnitudes when compared with the values presented in Fig. 10 . Generally, there appears to be an inverse relationship between soil temperatures and soil suction. When hysteresis is taken into consideration, the decreasing number of fluctuations when compared with Fig. 10 allows the relationship between soil temperature and soil suction to become more obvious. Increasing values of soil suction can be observed with decreasing temperature and vice versa.
The general relationship between temperature and soil suction is more obvious in Fig. 12 , where the temperature Fig. 11 . Comparison of matric suction values determined with and without hysteresis taken into consideration, using the temperature correction method proposed by Nichol et al. (2003) .
Fig. 12.
Comparison of matric suction values determined with and without taking hysteresis into consideration, using the temperature correction method proposed by Shuai et al. (2002). correction method proposed by Shuai et al. (2002) is used, together with the correction for hysteresis. Figure 13 compares the matric suction values obtained from the drying and wetting curves without taking hysteresis into account to isolate the effect of the temperature correction methods on the resultant suction readings. A comparison is made using the suction values obtained when no temperature correction method was used and using the values obtained with the temperature correction methods proposed by Nichol et al. (2003) and Shuai et al. (2002) .
For the drying curves, the difference between the soil suction values obtained using the temperature correction method proposed by Nichol et al. (2003) and the uncorrected values ranges between 0% and 17.5%. The values obtained using the temperature correction method proposed by Shuai et al. (2002) varies from the uncorrected suction values by 0%-28%. For the wetting curves, a difference of 0%-18.1% is observed when the suction values obtained using the correction method proposed by Nichol et al. (2003) are compared with the uncorrected values. Differences ranging from 0% to 28.8% are observed when comparing the suction values obtained using the method proposed by Shuai et al. (2002) and the uncorrected values. For both the drying and wetting curves, the correction method proposed by yields suction values that are 0%-10% different from the suction values obtained using the method proposed by Nichol et al. (2003) . The sensors were calibrated in the laboratory at a room temperature of 23°C. At soil temperatures approaching 23°C, lower differences are observed between the corrected values and the uncorrected values. Higher differences in soil suction readings can be observed when the soil temperature fluctuates away from 23°C.
Below the ambient temperature during calibration (i.e., 23°C), matric suction values without any temperature correction are above both corrected values. At temperatures above 23°C, the opposite is observed, with uncorrected matric suction readings lower than both corrected values. Matric suction values corrected with the method proposed by Nichol et al. (2003) are consistently between the uncorrected matric suction values and the matric suction values obtained using the method proposed by Shuai et al. (2002) . This trend is noticed for both the drying and the wetting curves.
The corrected values for the drying curves are still lower than the uncorrected matric suction values on the wetting curve. This is an indication that the hysteresis of the sensors has a more significant influence on the matric suction readings than the effect of the soil temperature. The overall trend observed for both drying and wetting, regardless of the temperature correction method used, shows an inverse relationship between soil temperature and soil suction.
Comparison between soil suction values obtained when hysteresis is taken into account using the various temperature correction methods can be seen in Fig. 14 . Soil suction values obtained using the temperature correction methods are compared with the suction values obtained without using any temperature corrections. The suction values obtained using the method proposed by Nichol et al. (2003) yield differences of 0%-24%. Using the correction method by gives differences ranging from 0% to 50%.
The same method is used in all three cases when taking the effect of hysteresis into account. The difference between the suction readings obtained is due to the different temperature correction methods used. When the cases are presented without taking hysteresis into account, the maximum difference between both temperature correction methods is 10%. The maximum difference between both correction methods increases to 26% when hysteresis is taken into account by comparing the wetting and drying curves obtained. The occurrence of this maximum difference in the study is minimal when compared with the large amount of suction data analyzed, with the majority having a difference between 0% and 10%.
Conclusions
The temperature and matric suction values obtained from the thermal conductivity matric suction sensors installed at two sites, Torquay and Bethune, are reasonable and of value to our understanding of the thermal and moisture regime in subgrade soils. Thermal conductivity sensors provide reliable, long-term measurements of temperature and matric suction and can be used in remote areas, with minimal maintenance when proper design and installation procedures are used. The sensors were able to withstand extreme temperatures, including prolonged freezing periods of up to 4 months. Even though the sensors gave a null value when the ground was frozen, they were able to resume normal measurement with no indication of detrimental side effects once the soil thawed. The ability of the sensors and the data acquisition system to withstand harsh environmental conditions is an asset in long-term monitoring. The absence of any preferential moisture flow and the overall data collected show that the method of installing these sensors was satisfactory.
Modifications made to the equation proposed by Feng and Fredlund (2003) to accommodate the effect of hysteresis resulted in reasonable suction readings. The relationship between soil temperature and soil suction is more obvious when the temperature correction method proposed by Shuai et al. (2002) is used. The temperature correction method proposed by Nichol et al. (2003) yielded intermediate suction values, as well as fluctuations in the magnitudes in the trends observed. This temperature correction method is theoretically more accurate but is more complex to implement. Large amounts of data require a temperature correction method that is easier to handle. The results determined with the method proposed by Shuai et al. (2002) has a maximum difference of 26% when compared with the results determined with the method by Nichol et al. (2003) . Consideration can be given to the method proposed by Shuai et al.
